The European lobster, Homarus gammarus, is a high value species, which is widely distributed from the northern part of Norway to Morocco in North Africa. It is also found throughout the Mediterranean including the Aegean Sea. Knowledge of the genetic structure is necessary for rational management of exploited species. As part of a comprehensive genetic investigation of European lobster (EU-project "Genetics of European Lobster"), 1514 lobsters from 14 locations were analysed for six polymorphic allozyme loci. Despite generally low levels of genetic differentiation (overall F ST = 0.016), the tests for population differentiation revealed highly significant values for all loci investigated. In particular, the lobsters from three areas including northern Norway, the Netherlands, and Aegean Sea in the Mediterranean were genetically different from lobsters from other regions. Lobsters from northern Norway have 30% of the genetic diversity observed in the samples from other areas, and polymorphism was only detected at the IDHP-1* locus. A new slow-moving allele at the GPI-1* locus was found in the samples from the Aegean Sea. Pairwise F ST comparisons, as well as a UPGMA dendrogram based on Nei's genetic distance (calculated from allele frequencies across the six loci investigated), confirm the separate main groupings.
INTRODUCTION
The European lobster, Homarus gammarus, is usually found in shallow waters and most catches are taken with traps in depths of less than 30 m. Lobsters have, however, been found down to 150 m (Holthius 1991; Mercer et al. 1998) . The species has a wide geographical distribution extending from the Arctic Circle to Morocco. It is found along the Atlantic coast, including the British Isles and Ireland, but is not found in the Baltic Sea possibly because of lowered salinity and extreme temperatures. The southern limit is c. 30°N (latitude) on the Atlantic coast of Morocco, and lobsters are also distributed in the coastal and island areas of the Mediterranean Sea, although less abundant.
The total annual European landings have varied between 1600 and 4800 t. In the early 1960s, c. 3500 t were harvested, but landings decreased during the 1970s to below 2000 t in the early 1980s. Since then a slow increase to 3200 t has been observed . The most important lobster fisheries are currently in Ireland, England, Scotland, Wales, and the Channel Islands. Before the 1960s, Norway recorded catches of 600-1000 t annually, but during the subsequent two decades a collapse in the fishery was observed and annual catches are now less than 30 t (Agnalt et al. 1999) . Similar declines were also observed in Sweden and Denmark.
Lobsters are classed as a luxury food and support valuable fisheries, which are of considerable socioeconomic importance in many coastal areas. The large variation in annual wild harvest initiated lobster hatchery activities in many countries. In early 1900, a large number of hatchery-produced lobster larvae were released in North America as well as in Europe (Aiken & Waddy 1995; Nicosia & Lavalli 1999) . Later, a large-scale lobster hatchery was established in Norway to produce 1-year-old lobster juveniles for release into natural waters (Grimsen et al. 1987) . In contrast with earlier release experiments, the development of "coded wire tags" (Jefferts et al. 1963) and their use in lobsters (Wickins et al. 1986) , made it finally possible to quantitatively evaluate lobster release programmes. This achievement triggered a number of release experiments in Europe Burton et al. 1994; Cook 1995; Bannister & Addison 1998; Latrouite 1998; Agnalt et al. 1999) .
During recent decades, there has been increasing awareness that aquaculture activities, including stock enhancement and commercial ranching, may have negative impacts on native gene pools. Genetic problems connected to hatchery operations have been discussed (Allendorf & Ryman 1987; Busack & Currens 1995; Campton 1995; Waples 1999) , and genetic considerations are also part of the "responsible approach to marine enhancement" proposed by Blankenship & Leber (1995) . The main concern is that hatchery production is likely to result in genetic change and that interbreeding between wild and hatchery-produced organisms can result in genetic changes in the wild populations causing reduction in overall fitness and productivity (Utter et al. 1993; Utter 2000) . These aspects should also be considered in the evaluation of the potential of enhancement for European lobster, which has been discussed recently (Laurec 1999) .
Many marine species are believed to have high potential for pelagic larval dispersal, but there is increasing evidence (Bailey et al. 1997; Benzie 2000; Zane et al. 2000; Sundby et al. 2001 ) that other oceanic features such as current patterns, sea floor topology, and temperature gradients can provide sufficient opportunities for isolation and differentiation. For European lobster, the first few weeks post-hatching is characterised by a pelagic phase. The duration of this phase is temperature dependent and is variously reported as 14-20 days (Jørstad et al. 2001) . Although potentially larvae can drift with currents, it has been increasingly shown for marine fish and other animals that dispersal is much less than might be expected . The oceans are much more structured than previously considered, with various subsurface oceanographic fronts and gyres that limit larval dispersal. Also larvae may have behavioural mechanisms such as vertical movements that prevent dispersal (Benzie 2000; Sundby et al. 2001) . The general biology of American lobster, Homarus americanus (Phillips et al. 1980; Aiken & Waddy 1995) is well known, including pelagic and first bottom stage (Wahle & Incze 1997) . For European lobster, this kind of biological information is still lacking .
Detailed information about the genetic structure of European lobster has not been available. This contrasts with the situation for the American lobster where Tracey et al. (1975) screened 44 different protein loci in a sample collection from eight geographically different localities on the east coast of North America. Also, by comparing berried females with their offspring, Hedgecock et al. (1975) found that five polymorphic loci (EST-2*, IDHP*, GPI-3*, GPI-4*, and PGM-1*) followed Mendelian inheritance. These were also most informative in the population study carried out ).
Comparison of allele frequencies for the different loci, however, suggests very small genetic differences between areas. This was also indicated by analyses using mtDNA (Kornfield & Moran 1990) and RAPD analyses (Harding et al. 1997) , and this situation triggered development of more sensitive genetic markers such as microsatellites (Tam & Kornfield 1996) .
The early study of Hedgecock et al. (1977 ) also compared a sample of H. americanus (n = 94) with a sample of H. gammarus (n = 51), and found large differences in the number of alleles as well as allele frequencies. New alleles specific for H. gammarus were found at several loci, and they estimated genetic distance (Nei 1972) of 0.11 between the two species averaged over all loci investigated. For H. gammarus two different samples were included, one from western Norway and one from the Irish Sea. Differences in allele frequencies were found for several loci, including ME*, GPI*, and PGM* (Hedgecock et al. 1977) . Mainly based on the loci and allele descriptions in that study, genetic analyses were incorporated in the Norwegian Sea Ranching Program (PUSH) in 1991. In addition, a more detailed study of the genetics of wild lobsters in Norwegian areas was conducted. Samples from 22 different locations (2580 individuals) were screened for four enzymes (ME, GPI, IDHP, and PGM).
Generally, very low levels of variation were found for all loci, but significant genetic differences at all loci were detected in the sample from the most northern population analysed .
Sustainable management of European lobster stocks is dependent on detailed knowledge of the genetic structure throughout the distribution range, and this is especially important considering future enhancement strategies. A larger genetic study "Genetics of European Lobster" (GEL) was initiated in 1998 and funded by the European Commission. The main objective was to conduct a large-scale genetic characterisation of lobster stocks throughout the geographic range in Europe and evaluate the results in relation to future lobster stock management and enhancement/ranching approaches. Large-scale sampling was carried out mainly for analyses by new methods such as microsatellite DNA techniques (Estoup & Angers 1998) and mtDNA analyses, and a general description of the work carried out is available (Ferguson 2002, www.qub.ac .uk/bb/ prodohl/GEL/gel.html). As part of this work, tissue samples were also collected from selected areas and analysed for allozyme variation. The results from the allozyme analyses are presented in this study.
MATERIALS AND METHODS
Initially within the GEL project, a sampling protocol for tissue collection for genetic analysis was established together with biological data collection procedures. The collection of samples was dependent on fishery practices, abundance of lobsters, and the local marketing practice in various areas. Except for the samples from northern Norway, the samples were collected through direct contact with fishers and/or at landing harbours and live lobster storing facilities.
Samples for allozyme analyses had the proximal segment of one of the walking leg removed. These were frozen as soon as possible and kept on dry ice during transport to the laboratory. Because of lack of a commercial fishery in the northern part of Norway, several research vessel surveys were organised using the small RV Fangst. Sampling was carried out in this region over a number of years. Details about the overall sampling (locations, number of specimens, year of sampling) are given in Table 1 and the geographical distribution/ locations are shown in Fig. 1 . For the overall comparison, two earlier samples, NorwaySW1 and NorwaySE, were included . In total, samples from 1514 specimens were analysed, representing 15 samples from 14 different localities (one repeated sampling-NorwaySW1 and NorwaySW2) throughout the lobster distribution range. All samples were transported to the laboratory in Bergen where the tissues were stored at -80°C until analyses.
The genetic analyses were based on earlier described polymorphic loci present in white muscle tissue of American lobsters (Tracy et al. 1975) , which were also found in European lobster (Hedgecock et al. 1977; . Muscle extracts from each individual sample were run on starch gel electrophoresis (histidine buffer pH = 7.0; 100-130 V; running time 90-110 min) and the allozymes were identified by traditional selective staining methods. The allozymes included four enzymes: glucosephosphate isomerase (GPI), isocitrate dehydrogenase (mIDHP), phosphoglucomutase (PGM), and malic enzyme (sMEP), representing six loci ; Table 2 ). Although different tissues were used, the two loci designated GPI-1* and GPI-2* in this paper possibly correspond to the GPI-3* and GPI-4* in Hedgecock et al. 1975 .
The statistical treatment of the genetic data was undertaken in the computer package GENEPOP (Raymond & Rousset 1995) , version 3.3. The exact tests in GENEPOP were used for testing for HardyWeinberg equilibrium and population differentiation, including 100 iterations per batch and 100 batches. Pairwise linkage disequilibria were tested by the LINKDOS program (Garnier-Gere & Dillman 1992) available in GENEPOP. F statistics were calculated according to Weir & Cockerham (1984) as implemented in GENEPOP. Estimates of Nei's genetic distances (Nei 1972) between the samples and construction of UPGMA dendrogram were performed using the TFGPA programme of Miller 1997. The bootstrapping was conducted with 1000 permutations.
RESULTS
The gene diversity estimates are summarised in Table 1 and confirmed the low levels of polymorphism that have been earlier observed for the same allozyme loci . Overall, the observed heterozygositiy varied from 0.004 (NorwayNW) to 0.091 (IrelandENE). In general, the samples from northern Norway (samples 1-3) have a much lower diversity compared with the other samples in the present sample collection. Taking the sample (IrelandENE) as a reference, the diversities for the northern Norway samples were only 4-33% compared with the reference sample. This reduction was also seen comparing the number of alleles per locus in the various samples. The allozyme data for the northern samples have also been compared with the mtDNA and microsatellite analyses based on the same samples, and the compiled genetic information as well as biological characteristics provides evidence (Jørstad et al. 2004 ) for genetic distinct subarctic lobster populations in this region.
The extreme low levels of gene diversity in most northern samples were mainly a result of monomorphism (Table 2) at five of the allozyme loci analysed. Only the mIDHP-1* locus was polymorphic in the northern lobster samples, and the highest frequency of mIDHP-1*120 allele was actually found in sample NorwayN3, which agreed with earlier estimates obtained in samples from the same locality in 1995 ). In the sample analysed here, the starch gel electrophoresis revealed both triple and single banding patterns in this sample, corresponding to heterozygotes and homozygotes for the rare allele mIDHP-1*120. Overall, the allele frequency ranged from 0.005 (Netherlands2) to 0.089 (NorwayN). A similar situation was found at the PGM-2* locus, where the frequencies of the 90 allele ranged from 0.000 (NorwayN3 and NorwayNW) to the relatively high value of 0.114 (Netherlands2).
The collections also included two samples from the Aegean Sea in the Mediterranean (Table 1; Fig.  1 ). The analyses detected a new slow-moving allele at the GPI-1* locus. The typical banding patterns observed in the samples included both triple and single banding patterns corresponding to heterozygotes and homozygotes for the rare allele (GPI-1*80). This allele has not been found previously and is present in the Aegean samples at a frequency of c. 0.05 (Table 2 ). In contrast, only one single heterozygote was detected in one sample (IrelandENE) in the samples collected from the Atlantic region of Europe (Table 2 ). For both Aegean samples the GPI-2* locus was found to be monomorphic.
Tests for Hardy Weinberg (Genepop, exact tests) proportions revealed only a few departures from expected values. In all, 57 tests were conducted and significant departure from Hardy Weinberg was found in five instances. These are indicated in bold in Table 2 for the loci and samples in question. When using the most conservative Bonferroni correction, this number was reduced to only one sampleNetherlnd2 and for the GPI-2* locus. The tests for linkage disequilibria between loci revealed only five significant values, which were not specific to any combination of loci.
The tests for population differentiation (Raymond & Rousset 1995b ) based on allele frequencies, revealed highly significant values (P < 0.001) for each of the loci tested across all collections, as well as across all loci and samples (P < 0.0001). This indicates genetic structuring in the European lobsters despite generally low levels of genetic variation. The pairwise tests for population differentiation demonstrated a number of significant differences, and these are mainly a result of the samples from northern Norway (NorwayN3, NorwayN4, NorwayNW), the Netherlands2, and AegeanNE/AegeanN. The P values obtained in the tests based on six loci are summarised in Table 3 . With reference to the discussion of Ryman & Jorde (2001) , the values presented have not been corrected for significance level (Rice 1995) .
All samples from northern Norway were significantly different from the other samples with three exceptions-NorwayN4 against EnglandSW2, IrelandW and FranceW-which is possibly because of the small sample size. Except for a few instances (NorwaySW1 and SwedenSW) the Netherlands2 sample was significantly different from all the other samples. Finally the AegeanNE and AegeanN samples were significantly different from the rest of the samples, mainly based on the variation found at the GPI-1* and GPI-2* loci. The same results were essentially obtained when conducting the testing based on genotype frequencies (data not shown). Table 3 also summaries the F ST values obtained in pairwise comparisons. The largest value (0.098) was found between the sample from NorwayN3 and Netherlands2, whereas the value was as high as 0.048 between the two samples from northern Norway (NorwayN3 and NorwayNW). Table 4 shows the F statistics and genetic differentiation of different sample groups according to geographic areas. The estimates are based on all six loci and the highest F ST value (0.016) was found, as expected, in the total sample group. Excluding the most divergent samples (B) reduced the value of F ST but still the global test for genetic differentiation was significant (P = 0.014). Based on the samples analysed here, there was no indication for genetic Table 3 Pairwise tests for population differentiation (below) based on allele frequencies at six polymorphic allozyme loci. P values are given ranging from 0.05 to 0.001. NS, not significant (P > 0.05). Pairwise F ST comparisons are also given (above). (Nei 1972) , calculated from allele frequencies at six polymorphic allozyme loci by using the TFPGA program of Miller (1997) . Bootstrap values (more than 50%), estimated from 1000 permutations, are given for the most divergent groups.
differentiation within the Aegean Sea, British Isles, and North Sea. As expected, the genetic distances (Nei 1972) between the samples based on six loci were small, ranging from 0.000 to 0.006. The UPGMA dendrogram based on the genetic distances (Fig. 2) confirmed, however, the main separate groupings as described above.
DISCUSSION
The 15 samples of European lobster analysed for allozyme variation are distributed throughout a large area, ranging from north of the Arctic Circle in
Norway to the warmer environment of the East Mediterranean. It would be surprising if lobsters at the edges of environmental tolerance for the species, such as northern Norway and Aegean Sea, had not adapted to some degree to these conditions. Certainly, environmental parameters such as variation in temperature and daylight through different seasons are very different in northern Norway compared to the Aegean Sea. Details of life history characters, especially for reproduction and early life stages are unknown . The level of genetic differentiation, however, among the European lobster samples as estimated from six polymorphic allozyme loci, was relatively low. The overall F ST value of 0.016 is in agreement with findings for other marine species (e.g., Buonaccorsi et al. 2001; Stamatis et al. 2004 ). The various tests for population differentiation and F ST comparisons, and to some degree the UPGMA dendrogram of genetic distance (Nei 1972) , suggest four main groups: northern Norway (bootstrap value = 71), Netherlands (bootstrap value = 54), Aegean (bootstrap value = 78), and the other samples in the Atlantic group. Testing of population differentiation after excluding the samples from the three mentioned areas still suggest some genetic variation (Table 4B) , whereas no structure was indicated in the samples from the British Isles (D), in the North Sea (E), and Aegean Sea (C).
The genetic differentiation observed was mainly associated with minor difference in allele frequencies. Especially for the northern Norway group, the gene diversities in the different samples were low owing to monomorphism (Table 2 ) and no unique alleles were detected. The number of alleles per locus also confirmed this. The samples from Netherlands and Aegean Sea have c. 20-30% reduction in observed heterozygosity compared with the reference samples from IrelandENE. This reduction could be a result of recent bottleneck events in these areas. For the Mediterranean samples the obvious differences were a result of the new variation detected in the GPI-1* locus (Table 2) . Also, in contrast with the other samples, no polymorphism was found for the GPI-2* locus.
The data obtained in this study confirm the existence of a genetically distinct population in the Tysfjord system (NorwayN3/NorwayN4) as reported in an earlier allozyme study from Norway . The samples collected 5 years apart from this area were shown not to be significantly different, suggesting temporal stability. In this investigation, the adjacent fjord system Nordfolda (NorwayNW) was also sampled. Comparisons of allele frequencies revealed significant differences between the two populations even though there is only 142 km shoreline distance between the two fjord systems. In a more detailed comparison (Jørstad et al. 2004 ) of the two subarctic lobster populations, the differences detected in allozymes were confirmed by microsatellite and mtDNA analyses. Further, differences in biological parameters like size distributions and mean lengths were documented.
Recently, genetic variation among European lobster was investigated using RAPD (Randomly Amplified Polymorphic DNA) technique (Ulrich et al. 2001) . They found significant differences among eight samples, but samples sizes were small, especially from some of the areas investigated. The RAPD technique has, however, several limitations for using population genetic studies (for discussion see Ferguson & Danzmann 1998) . On the other hand, a more comprehensive genetic study of European lobster based on mtDNA has recently been published . In this study a large number of samples (with reasonable sample sizes) were analysed, and the results confirm the main conclusions from this allozyme investigation. Further, more detailed genetic differentiation was found on the micro geographic level, such as within the Mediterranean Sea.
Indeed, it might be expected that in species such as lobsters, given the patchiness and limited depthdistribution of suitable habitat, there would be strong selection for any mechanism that limited dispersal, since dispersal could easily carry the larvae to areas unsuitable for benthic settlement. The genetic differences between Tysfjord and Nordfolda suggest limited gene exchange, which can be explained by the complex circulation system in the larger, open fjord system (Vestfjorden) adjacent to Tysfjord and Nordfolda (Mitchelson-Jacobs & Sundby 2001) . Also the genetics of the Aegean Sea lobsters is not surprising since similar differentiation of Mediterranean marine species populations from Atlantic has earlier been reported (e.g., Zane et al. 2000) .
In contrast with the Tysfjord and Nordfolda region and the Mediterranean Sea where hydrographic barriers are possibly preventing gene flow, the sample from Netherlands was collected in a physically isolated area, the Oosterschelde. Because of damming and construction of a storm surge barrier, the Oosterschelde area has very limited exchange with the North Sea, and the genetic differences observed could be a result of geographic isolation and/or bottlenecking. In addition to a reduction in the gene diversity as discussed above, relatively high frequencies of the two allozyme variants (GPI-2*80: 0.104; PGM-2*90: 0.114) were detected in these lobsters.
Allozyme studies have also been carried out on other crustacean species with pelagic larval stages. A low level of variation was also found for Norway lobster (Nephrops norwegicus) samples from the Aegean Sea and Scotland (Passamonti et al. 1977) but despite low sample sizes, significant differences were found at several allozyme loci. As in our study on European lobster, the values for F ST and genetic distances were low. The above results were also confirmed with a mitochondrial DNA analysis of Norway lobster across its distribution (Stamatis et al. 2004) . Even for a pelagic species like Meganyctiphanes norwegica some genetic structuring has been observed (Zane et al. 2000) . The most striking example, however, is from the Isle of Man in the Irish Sea were two different species of spider crabs have been studied (Weber et al. 2000) . Both species have a relatively long larval period (40-80 days). Allozyme analyses of samples collected from localities separated by only 40 km revealed significant genetic differences in several loci for both species.
The genetic data obtained through this study fit an island model consisting of discrete populations with little or limited interchange. This means that management should be based on local populations, i.e., self-recruiting stocks. Genetic differences alone are insufficient for this purpose as the level of genetic differentiation is quite low, and large sample sizes and many loci are necessary to detect significant differences. Assessment and management need to be based on a combination of biological, hydrographical, and genetic information.
For the local stock enhancement and ranching, it would be wise to apply the precautionary principle to movements of lobsters for release purposes. This principle has been well elaborated for movement of salmonids such as Atlantic salmon (e.g., Cross 1999). Use of local stocks is preferred to reduce risks both from genetic and health points of view. In instances where releases are planned in areas without any lobsters, the broodstock should come from the nearest wild lobster stock(s). In many European countries the lobster stocks are at very low levels, and any restocking should be based on local stocks and strict management approaches. Transplantation of lobster stocks over larger distances should be avoided until much more detailed information on fitness-related differences is available. Where enhancement is carried out, local hatcheries should be established, which provide juveniles based on local stock, rather than larger "centralised" hatchery facilities.
